Abstract The temperature affects the availability of organic carbon and terminal electron acceptors (TEA) as well as the microbial community composition of the subsurface. To investigate the impact of thermal energy storage on the indigenous microbial communities and the fluid geochemistry, lignite aquifer sediments were flowed through with acetate-enriched water at temperatures of 10, 25, 40, and 70°C in sediment column experiments. Genetic fingerprinting revealed significant differences in the microbial community compositions with respect to the different temperatures. The highest bacterial diversity was found at 70°C. Carbon and TEA mass balances showed that the aerobic degradation of organic matter and sulfate reduction were the primary processes that occurred in all the columns, whereas methanogenesis only played a major role at 25°C. The methanogenic activity corresponded to the highest abundance of an acetoclastic Methanosaeta concilii-like archaeon and the most efficient degradation of acetate. This study suggests a significant impact of geothermal energy storage on the natural microbial community and various metabolic activities because of increased temperatures in sediments with a temperaturerelated sediment organic matter release.
Introduction
Underground thermal energy storage in shallow aquifers (aquifer thermal energy storage, ATES; borehole thermal energy storage, BTES) has become an important opportunity to support a sustainable energy supply (Eugster and Sanner 2007; Kabuth et al. this issue) . ATES systems are operated at temperature levels below 30°C (low-temperature [LT-] ATES), between 30 and 50°C (mediumtemperature [MT-] ATES), and above 50°C (high-temperature [HT-] ATES) . The temperature-induced changes in geochemistry and microbiology of the subsurface have to be investigated to support a sitespecific evaluation as a basis for a sustainable subsurface planning (Bonte et al. 2011a; Bauer et al. 2013; Hähnlein et al. 2013 ).
Microorganisms inhabit soils and the shallow subsurface at high densities of 10 4 -10 6 cells/cm 3 (Whitman et al. 1998; Griebler et al. 2002) . The subsurface is very heterogeneous, and organisms adapt to different natural conditions (Reimann and Garrett 2005) . Therefore, field evidence of the temperature-related impact is difficult to achieve and the results of in situ investigations are inconsistent (Table 1) . Hartog et al. (2013) showed distinct microbial communities in different sediments after a similar temperature increase and did not find a significant temperature-related impact in statistical analysis comparing the results of several study sites. However, other in situ studies of shallow ATES and BTES systems revealed an alteration of both the abundance and composition of the microbial community at temperatures between 18 and 30°C (Sowers et al. 2006; Brielmann et al. 2009; Lerm et al. 2011a, b) . This was also observed in a 1.3-km-deep HT-ATES which assesses a sandstone formation, where besides the temperature, the origin of the fluids and the flow regime also played a major role, influencing the microbial community composition Westphal et al. 2016 ). Additionally, several laboratory studies showed changes in the microbial community due to temperature increases (Hartog et al. 2013; Bonte et al. 2013a) . However, particularly the experimental setup, such as the sediment and fluid composition, the availability of TEA and organics, the fluid flow velocity as well as the experimental run time and the sampling intervals influence the microbial abundance and community composition and lead also to differences in the impact of the temperature on the microbial community and therefore make the outcome of studies less comparable (Table 1) . Furthermore, in situ investigations (Anderson et al. 1973 ) and laboratory-scale column experiments (Gödde et al. 1996 ) uncovered a correlation between the temperature increase in the soil and the microbial activity. The temperature influences the aquifer ecosystem by altering the solubility of minerals (Arning et al. 2006) as well as by changing the availability of organic matter (OM) and macronutrients (Klein 1989; Brons et al. 1991; Bonte et al. 2011a; 2013a, b; Jesußek et al. 2013a ) and thus influencing the biological activity. OM serves as a carbon and/or energy source for microbial metabolism. The efficiency of the organic carbon conversion to microbial biomass (carbon use efficiency, CUE) depends on environmental conditions, such as nutrient availability and temperature (Apple et al. 2006; Allison et al. 2010) .
Moreover, microbial metabolism and activity can affect the chemical composition of the groundwater, e.g., by altering the redox regime (Jesußek et al. 2013a) , and can influence the solid aquifer matrix because of changes in rock porosity and permeability (Chapelle 2000) . Studies on drinking water production have shown that biofilm formation and microbially influenced precipitation may lead to the clogging of pores, which leads to the deterioration in well performance (Van Beek 1989; Sand 2003) . Therefore, microbial activity can adversely affect the operation of geothermal energy stores. In particular, sulfate-reducing bacteria (SRB) are well known to be involved in corrosion and scaling processes, and therefore influence technical energy storage installations Westphal et al. 2016; Würdemann et al. 2016) . SRB inhabit almost all environments and have functional importance in different ecosystems because of their wide spectrum of TEA, such as sulfate, sulfite, thiosulfate, elemental sulfur, and nitrate (Rabus et al. 2006; Barton and Fauque 2009 ). The metabolic products of sulfate reduction include several corrosive and toxic sulfur compounds, such as sulfides, bisulfites, and hydrogen sulfide (Videla and Characklis 1992) .
The environmental aspects of geothermal energy storage, particularly with regard to the mobilization of soil organic matter (SOM) and the related changes in redox conditions, have rarely been studied. Jesußek et al. (2013a) studied the impact of temperature-related changes in groundwater chemistry in batch and column approaches. Tertiary lignite sand was incubated at four temperatures between 10 and 70°C. The authors observed a shift in the redox regime and a release of sediment organic matter (SOM), ferrous iron, and manganese from the sediment because of the elevated temperatures. Nitrate reduction and reductive iron dissolution occurred at 25, 40, and 70°C. However, at 10°C, an incomplete nitrate reduction was found. Sulfate reduction was exclusively initiated at 70°C. These findings indicated a succession of different microbially catalyzed redox processes that were strongly influenced by a temperature-related SOM release.
To examine the effects of the temperature-induced SOM release on microbial processes, the influent of the longterm column experiments was enriched with acetate (Jesußek et al. 2013b ). The authors focused on the redoxreactive degradation of sulfate and the reduction rates at different temperatures. Mole balances for redox reactions were conducted along the flow paths of the columns.
In the study presented here, the microbial community compositions and their effects on OM oxidation at temperatures between 10 and 70°C were studied in the effluents of the experiment presented in Jesußek et al. (2013b) using genetic fingerprinting and quantitative polymerase chain reaction (qPCR). We used mass balances for organic and inorganic carbon and the potential TEA over the entire column to identify the primary microbial metabolic processes in the sediment columns and to correlate these findings with changes in the community composition and the abundance of metabolic groups. With our approach to investigating the effluent water geochemistry, This study the conversion of OM and TEA, and the microbial abundance and diversity provide a comprehensive insight into the processes triggered by the temperature increase. We hypothesize that the microbial community composition and abundance in the column effluents reflect the primary processes in the sediment.
Methods

Experimental setup
Four polyethylene tubes measuring 110 cm in length and 10 cm in inner diameter ( Fig. 1) were filled with upper lignite sand that was collected 1-2 m below the surface from a former gravel pit near Geesthacht. Sediment from the same geological formation was characterized by Hekmat (1982) . Only a minor percentage (below 0.1 wt%) of inorganic carbon was detected in the sediment. The columns were flowed through by tap water that was produced from an aquifer in the ''upper lignite sands'' close to Kiel in northern Germany. The pH was 7.47 ± 0.05. Before column entry, the tap water passed a 0.2-lm cellulose acetate filter (2.5 cm in diameter) to prevent the introduction of microorganisms. Sodium acetate was added continuously at a concentration of 18.8 mg C/L ± 1.9 mg C/L to the tap water as an electron donor substrate for microbial processes to simulate organic carbon release from the sediment. The primary electron acceptors that were continuously introduced with the tap water were oxygen (which was not measured, but amounted approximately to 9.3 mg/L according to Stadtwerke Kiel 2014) , sulfate (11.8 mg/L ± 1.4 mg/L), and nitrate (0.62 mg/L ± 0.5 mg/L), whereas manganese and iron were below the detection limit. The average flow rate was 0.9 mL/min. One pore volume exchange (PV) corresponded to 32 h of column run time. Each column contained approximately 8.6 dm 3 of sediment. After an adaptation phase at room temperature for 50-70 days, the temperatures of the sediment columns were adjusted to 10°C (reference column, mean groundwater temperature), 25°C (mesophilic column, LT-ATES), 40°C (mesophilic column, MT-ATES), and 70°C (thermophilic column, HT-ATES). Fluids were collected from nine sampling ports along the flow paths and were used for chemical analyses. The column effluents were analyzed for the microbial communities after a flow-through of 100-285 L.
The column preparation, setup, and operation are described in detail in Jesußek et al. (2013a, b) .
Sampling for geochemical analyses and water chemistry
For the chemical analyses, 80 mL of fluid was collected from each sampling port. The fluids were analyzed for pH, total inorganic carbon (TIC), total organic carbon (TOC), -, and SO 4 2-concentrations. The redox potentials and pH were measured using a pH197i (WTW, Weilheim, Germany). The TIC and TOC were analyzed using a TOC/TN analyzer multi N/C 2000 (Analytik Jena, Jena, Germany). The cation concentrations were determined using an ICP-AES Type Vista AX (Agilent, Santa Clara, USA). The nitrate, sulfate, and acetate concentrations were measured by ion chromatography (IC 881, Metrohm, Switzerland). The methane concentration in the liquid phase was determined by gas chromatography (GC 6890 plus, Headspace HS7694 with molecular sieve packed column, J&W, Agilent, Santa Clara, USA). The detection limits were 0.06 mg/L for nitrate, 0.1 mg/L for sulfate, 0.12 mg/L for acetate, 0.02 mg/L for iron, 0.01 mg/L for manganese, and 0.004 mg/L for methane (Jesußek et al. 2013b ).
Carbon balances and cumulative curves
Carbon and TEA mass balances were used to identify the prevailing microbial processes at the different temperatures and to assess the plausibility of microbiological findings with respect to the geochemical results. Here, the observed [C]acetate (carbon of acetate) decreases and TIC increases were compared with the calculated microbial [C]acetate consumption and the calculated microbial [C]CO 2 (carbon of CO 2 ) release, respectively. The formation and dissolution of carbonates were not included because these data could not be determined. However, the pH ranged at 7.5 and the calcium concentration did not change in any of the columns. The cumulative curves were calculated via interpolation according to Eq. 1. It was therefore assumed that the function of the concentration increase in a specific parameter f(x) started at the coordinate origin point.
where i = {1,…,n} samplings with F(x) the cumulative increase or decrease in one parameter; f(x) increase or decrease in the concentration of one parameter from the inlet to the outlet of the column; and x fluid volume flowed through the column.
For the mass balances, the biomass formation, aerobic OM degradation, denitrification, iron reduction, manganese reduction, sulfate reduction, and methane formation were considered ( Table 2 .
Aerobic OM degradation was assumed to take place because the tap water was not de-oxygenated before it was introduced into the columns. The amount of oxygen input was estimated by multiplying the amount of tap water by an oxygen concentration of 9.3 mg/L.
The transfer of organic carbon into biomass was determined according to the CUE values from Table 2 . Here, the CUE is defined as the ratio of organic carbon that was fixed in biomass relative to the consumed carbon. For aerobic processes, a CUE value (CUE AE ) of 30% was used (Sinsabaugh et al. 2013) . For other processes, the CUE values (CUE specific ) were calculated by multiplying the CUE AE by the standard free energy yield ratio of the specific process to the aerobic degradation.
Assuming that the sulfide that precipitated with the iron was produced by reductive dissolution, the cumulative acetate consumption and the CO 2 release from iron reduction were calculated. Table 3 shows minimum values for reductive iron dissolution by balancing the iron discharge with the effluent and the maximum value estimated for FeS precipitation together with the effluent discharge of iron.
Sampling and sample preparation for molecular biological analyses
To characterize the microbial community, effluent fluids were collected from the sediment columns at different intervals. Columns running at 25, 40, and 70°C were sampled three times after 220-250 L of flow-through, whereas the 10°C effluent was sampled once after 110 L of flow-through, given that the column setup occurred three months later. Samples consisting of 1 L of fluid were collected in sterile Schott Duran glass bottles and transported at a cool temperature of approximately 4°C until vacuum filtration through cellulose acetate membranes with a 0.2-lm pore size or polycarbonate membrane filters (Sartorius, Göttingen, Germany). After filtration, the filters were stored at -20°C until further processing.
DNA extraction
The total DNA was extracted from the filters using the FastDNA TM Spin Kit for Soil (MP Biomedicals, Santa Ana, USA) according to the manufacturer's protocol. The concentration of the extracted DNA was determined fluorimetrically (FLUOstar OPTIMA, BMG Labtech, Ortenberg, Germany) by labeling the DNA with Quant-iT PicoGreen (Invitrogen, Carlsbad, USA).
Genetic fingerprinting (PCR-DGGE)
Polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) was used to characterize the microbial and archaeal community compositions and to detect the changes that occurred among the dominant members of the community.
The fluids were analyzed using DGGE as described by Muyzer et al. (1993) . To amplify the partial gene fragments, PCRs were performed using the primer sets 341F-GC/907R for bacterial and 348F-GC/786R for archaeal 16S rRNA as well as 2060F-GC/4R to target the b-subunit of the dissimilatory sulfite reductase (dsrB) gene (Table 4) . The PCR mixtures consisted of 5 ll of 109 buffer (Genecraft, Cologne, Germany), 1.2 mM dNTPs (Fermentas, Waltham, USA) 3.5 mM MgCl 2 (Genecraft, Cologne, Germany), 0.6 mM of each primer, 0.12 mg/mL BSA, 1.5 u Taq polymerase (Genecraft, Cologne, Germany), and 1-3 lL of template DNA. Nuclease-free water was added to a final volume of 50 ll. The following PCR conditions were used: an initial denaturation at 95°C for 2:45 min, 30 cycles of 95°C for 45 s, annealing at primerspecific temperatures (Table 4) for 45 s, elongation at 72°C for 50 s, and a final elongation step for 30 min at 72°C. DGGE was performed using the DCode System (BioRad, Hercules, USA). Equal DNA concentrations of purified PCR products were loaded on polyacrylamide gels with a urea gradient of 35-65% for the bacterial and 40-70% for the SRB-specific and archaeal analysis. Electrophoresis was run at a constant 115 V and a temperature of 60°C for 17 h. The resulting bands were excised after silver staining. For reamplification, the same primers were used as those used for the initial PCR, but without a GC clamp at the forward primer. Sequencing was performed by GATC Biotech AG (Konstanz, Germany). The sequences were compared with the sequences in the NCBI database by using the Basic Local Alignment Search Tool (BLAST, NCBI) (Altschul et al. 1990 ) and with the RDP database by using the Ribosomal Database Project (RDP) Classifier (Wang et al. 2007 ). The sequences that were analyzed in this study have been deposited in the NCBI database under GenBank accession numbers KT351652-KT351713. The Shannon diversity value H was calculated on the basis of the band abundance and intensity of bacterial and SRB DGGE profiles. The bands and their intensities were scored by GelAnalyzer (gelanalyzer.com). The diversity index was calculated as described in Gafan et al. (2005) .
Quantitative PCR
The numbers of gene copies were determined using a SYBR Green real-time PCR approach with the StepOnePlus TM Real-Time PCR System (Applied Biosystems, Carlsbad, USA). To amplify the universal bacterial 16S rRNA fragment, the SRB-specific dsrA operon, and a specific 16S rRNA fragment of Methanosaeta, the primers Uni331F/Uni797R, dsr1F/dsr500R, and 585F/855R were used, respectively (Table 4) . Each PCR contained 10 lL of Power SYBR Green (Life Technologies), 0.5 lM of each primer, 10 lg BSA (Thermo Scientific), and 1 lL of template DNA. Nuclease-free water (Thermo Scientific) was added to a final volume of 20 ll. The thermal cycling included an initial denaturation step for 10 min at 95°C followed by 40 cycles of amplification for 10 s at 95°C, 20 s at respective primer-specific temperatures (Table 4) and 30 s at 72°C. Melting curve analyses were performed. The analyses were performed in triplicates. For the absolute quantification, the full-length bacterial 16S rRNA gene of Escherichia coli strain JM109, the dsrAB gene of Desulfotomaculum geothermicum (DSMZ 3669), and the partial 16S rRNA gene of Methanosaeta concilii (DSMZ 6752) were cloned using the pGEM-T Cloning Kit (Promega, Mannheim, Germany). Plasmid dilutions from 10 -1
to 10 -8 served as templates for performing qPCR standard curves. The amplification factors were 1.97 for bacterial 16S rRNA, 1.8 for dsrA, and 1.84 for the archaeal 16S rRNA approach. The coefficients of determination (R 2 ) were 0.99, 0.99, and 0.9, respectively. The detection limit of the method was 5 9 10 2 gene copies per liter for the total bacterial 16S rRNA gene, 2 9 10 4 gene copies per liter for the dsr gene fragments, and 1 9 10 3 gene copies per liter for the Methanosaeta-specific 16S rRNA gene.
Results and discussion
In the present study, sediment column experiments were used to study the response of the indigenous microbes to increasing temperatures. The effect of SOM release because of temperature increases was enhanced by the addition of acetate as an additional energy and carbon source for microbes.
Shift in the microbial community composition because of temperature increases and degradable organic matter Significant shifts in the microbial community composition and diversity became obvious due to the temperature increase and the acetate addition. The DNA concentrations were the highest in the 40°C effluents (2 9 10 4 ng/L), followed by the 10, 25, and 70°C effluents (Table 5 ). The DNA concentrations and the total bacterial gene copies in all effluents were similar to those of groundwater wells (McCoy and Olson 1985; Pederson et al. 2008 ). In our study, bacterial quantification revealed the highest 16S rRNA gene copies/L in the 40°C effluents, followed by the 25, 10, and 70°C fluids, in descending order (Table 5 ). The gene copy numbers in the 25, 40, and 70°C effluents remained broadly constant during the 240 to 275 L flowthrough. The gene copy number in the 10°C effluents after 110 L of flow-through was slightly lower, but still in the same magnitude as in the 25°C fluids, one magnitude higher than in the 70°C fluids and one magnitude lower than at 40°C. Lienen et al. (same issue) also determined the highest bacterial gene copy number in flow-through column experiments with no substrate addition at 40°C. Brielmann et al. (2011) also observed in the fluids from a laboratory experiment an increase (tripling) in the cell number after the temperature was increased by 10 K above the groundwater temperature. In fluids taken from a geothermal borehole well field, cell numbers also increased within the first years of operation at temperatures up to 23°C and then decreased to numbers similar to those derived from unaffected control sites of 14°C (York et al. 1998; Sowers et al. 2006) . However, in several laboratory studies bacterial numbers in sediments did not increase due to a temperature increase (Schippers and Reichling 2006; Brielmann et al. 2011 ). Schippers and Reichling (2006) observed this in a batch approach with no additional substrate supply. Therefore, the conditions were very different compared to our approach in which substrates and electron acceptors were supplied continuously. Brielmann et al. (2011) used an extremely high flow velocity of 11 m/d in their column experiments. This led to a retention time of approximately 13 min and a 160 times shorter contact time than in our approach with a flow velocity more typical to in situ conditions. Dachroth (2002) showed that flow velocities of 3-5 m/d and above may inhibit biological activity in sandy sediments. Thus, the high fluid flow might have led to a similar bacterial abundance in the column sediments and fluids in the experiments conducted by Brielmann et al. (2011) .
Several studies showed that the majority of microorganisms lives attached to the sediment in biofilms (Alfreider et al. 1997; Griebler et al. 2002; Brielmann et al. 2011) . As biofilm detachment is primarily influenced by shear stress and nutrient availability (Joannis-Cassan et al. 2007) , it is assumed that a balance between growth and detachment of mature biofilms established in our long-term Table 5 Average total DNA concentrations, eubacterial (EUB) 16S rRNA, SRB-specific dsrA, and Methanosaeta-specific 16S rRNA gene copies (gc) in the effluent fluids of the 10, 25, 40, and 70°C columns, including the standard deviation (SD)
experiments that resulted in a continuous discharge of microorganisms as suspension and/or biofilm particles with the effluent (van Loosdrecht et al. 1995 , Stoodley et al. 2005 due to an almost constant flow velocity and substrate composition in the influent. Thus, although fluids were collected at the outlet, at a distance of approximately 1 m from the most active zone in the column, the DNA concentrations as well as the bacterial, archaeal, and SRBspecific gene copy numbers reflected the community of the active zone. This effect was also observed by Stevenson et al. (2011) who showed that bulk fluid microbial communities represented the structure of biofilm organisms of technical installations from oil production facilities. In addition, geochemical data were in line with the microbiological observations. It is assumed that the oxygen that was introduced with the column inflow solution was immediately consumed in the first column centimeters and then the conditions turned to anaerobic. Nitrate and sulfate introduced with the influent were also primarily consumed in the nearest zone of the column inlet after a certain adaptation time at all temperatures (Jesußek et al. 2013a, b) and facultative anaerobic and sulfate-reducing microbes were observed in the column effluents. Genetic fingerprinting analyses revealed distinct microbial communities at the different tempered columns. Similar band patterns were determined for the 25 and 40°C columns, whereas the band patterns at 10 and 70°C showed significant differences. The sequencing of bands revealed the presence of Betaproteobacteria, Clostridia, and Bacteroidetes in 10°C effluents. However, only Betaproteobacteria were identified in the 25°C effluents. In addition to Betaproteobacteria, organisms affiliated to Gammaproteobacteria, Ignavibacteria, and Clostridia were detected in 40°C effluents. In the 70°C effluents, most of the sequences were affiliated to Clostridia as well as to Bacilli, Betaproteobacteria, and Bacteroidia (Table 6 ). In addition, an adaptation at DNA level to thermophilic conditions became obvious as the bands in the 70°C lane migrated furthest into the gel bottom, due to a higher guanine-cytosine (GC) content within the gene fragment indicating a temperature stabilization of the DNA at 70°C.
The temperature increase to 70°C led to a significant change in the microbial community dominated by thermotolerant and thermophilic bacteria that are commonly isolated from soils, aquifers, geothermal waters, and hot springs (Mori et al. 2002; Zavarina et al. 2002; Poli et al. 2006; Ogg and Patel 2009; Fardeau et al. 2010) . The high diversity of fermenting bacteria reflected a SOM release at 70°C. The adaptation from psychrophilic to mesophilic and thermophilic microbial communities was also shown by Hartog et al. (2013) and Bonte et al. (2013a) , who heated different aquifer sediments to temperatures of up to 80°C. Similar observations were also performed by Isaksen et al. (1994) , who detected thermophilic SRB and fermentative bacteria in cold marine sediments that were heated to a maximum temperature of 80°C. An adaption of the microbial community composition to increased temperatures was also determined in several field and laboratory studies (Sowers et al. 2006; Brielmann et al. 2009; Lerm et al. 2011a Lerm et al. , 2013 Lienen et al. same issue) . Remarkably, also Brielmann et al. (2011) found a similar community structure in the mesophilic temperature range as observed in the genetic fingerprinting profiles (Fig. 2a) . The microbial biocenosis was stimulated by the acetate addition that triggered the initiation of sulfate reduction (Jesußek et al. 2013b ). In addition, the temperature increase and the acetate addition led to an increase in the microbial diversity in the effluents. The Shannon diversity value was the lowest for the 10°C effluents, at 2.8. For the 25 and 40°C effluents, the Shannon diversity was the same, at 3.1. The highest Shannon diversity was observed in the 70°C effluents with 3.5. This is in contrast to other studies focusing on microbial communities in temperature-affected groundwater environments. Field studies by Brielmann et al. (2009) showed the highest bacterial diversity at the maximum temperature of 18°C. In addition, when incubating quaternary sediments at 20°C, Brielmann et al. (2011) observed a microbial diversity increase in fluids and a slightly decreased diversity at 45°C. Bonte et al. (2013a, b) observed the highest diversity at 25°C in sediment column experiments and a decrease in the microbial diversity following a further temperature increase to 60°C. The lower diversity at higher temperatures might be related to the shorter adaptation time of 25 days or to a lower availability of organic substrates as energy and carbon source.
Changes in SRB diversity, abundance, and activity due to a temperature increase and degradable organic matter Specific fingerprinting analyses based on dsrB and dsrA gene fragments also showed a shift in the SRB community in response to the temperature increase and the acetate addition (Fig. 2b) . SRB-specific genetic fingerprinting revealed additional SRB representatives in all the effluents, besides the already detected species of Desulfosporosinus (10°C), Desulfotomaculum (25, 40, 70°C), and Desulfurispora (70°C). In the 10°C effluent, sequences affiliated with uncultured Thermosinus sp. were detected in addition to those of Desulfotomaculum sp. However, in the 25, 40, and 70°C effluents, the sequences were assigned to Desulfosporosinus and Desulfotomaculum. Mesophilic and thermophilic Desulfosporosinus and Desulfotomaculum species are frequently found in subsurface environments (Campbell and Postgate 1965; Daumas et al. 1988 ; 
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Taxonomic assignments were performed by RDP Classifier with a confidence threshold of 80%. For each phylotype, the most closely related sequence and the closest cultivated organism are given, including GenBank accession numbers Stackebrandt et al. 1997; Geets et al. 2005; Parshina et al. 2005) . Relatives of the mesophilic Desulfovibrio fructosovorans (Ollivier et al. 1988) were also detected in the 25°C effluents, and sulfate reducers related to Syntrophobacter fumaroxidans were only found at 40 and 70°C (Table 7) . In the 25°C effluents, the highest Shannon diversity index of SRB was observed with 2.8, followed by the other temperatures, for which the index ranged between 2.2 and 2.4. An adaption of the SRB community to increased temperatures was observed, among others, by Robador et al. (2009 ), Hubert et al. (2009 ), Bonte et al. (2013a , and de Rezende et al. (2013) .
In relation to the main TEA, oxygen and sulfate that were introduced with the influent acetate were fed in excess with a factor between two and three (Jesußek et al. 2013b ). The acetate concentration consistently decreased with the sulfate concentration along the flow paths (Fig. 3) . At 10, 40, and 70°C, the acetate concentration decreased between 17 and 25% within the first 13 cm of the column and then remained constant after 110, 195, and 195 L of flowthrough. However, at 25°C, methane was formed acetoclastically by M. concilii at sulfate concentration below 4.8 mg/L and led to an acetate decrease below the detection limit. At 10°C, sulfate reduction was initiated after a flow-through of 110 L and that went along with a further decrease in acetate. At 25, 40, and 70°C, the sulfate reduction was already initiated after 58, 21, and 1.3 L of flow-through, respectively, and it decreased rapidly (Jesußek et al. 2013b ). The distance from the fluid inlet to the initiation of sulfate reduction shifted toward the column inlet with increasing flow-through. When the sulfate reduction ran, the sulfate concentration along the flow paths decreased from the introduced 11.8 mg/L to sulfate concentrations below 3.3 mg/L at 10°C and close to the detection limit (0.3 mg/L) in the 25 and 40°C fluids. In the 70°C column, the sulfate concentration decreased to 1.4 mg/L at the same distance.
The concurrent decrease of acetate and sulfate in the sediment columns as well as the detection of SRB and the consistence of the mass balances indicated that acetate was used by the SRB to reduce the sulfate. This finding is in accordance with Sørensen et al. (1981) who concluded that acetate is a major substrate for SRB. Within the diverse SRB group, several species are known to oxidize different organic substrates and also to convert acetate into CO 2 (Sørensen et al. 1981; Parkes et al. 1989; Rabus et al. 2006) . For example, species related to Desulfotomaculum and Desulfovibrio have the ability to use acetate as a carbon source (Widdel and Pfennig 1977 Widdel 1980; Pfennig et al. 1981) . In the 25 and 40°C effluents, the sulfate concentrations decreased to values close to the detection limit. However, in the 70°C effluents, the primary decrease in the acetate concentration went along with a lower decrease in the sulfate concentration. This finding indicated that additional processes occurred under thermophilic conditions. Trapped gases in the sediment columns shortened the residence time and formed stagnation zones, which were not supplied with electron acceptors by the fluid flow (Lueders et al. same issue) . Furthermore, the release of toxic substances from SOM such as phenols (Hedges and Oades 1997; LaRowe and Van Cappellen 2011) and/or arsenic and heavy metals because of the temperature increase (Bonte et al. 2013b ) might have led to the incomplete sulfate reduction as well.
The fastest sulfate depletion along the flow paths as well as the highest DNA concentration and the highest specific gene copies (approximately 6 9 10 7 gene copies/L, Table 5) indicated that the highest metabolic activity of the SRB occurred at 40°C. Sulfate was primarily reduced in the first 13 cm of the columns. Furthermore, SRB are known to be metabolically versatile and capable of fermentation or of living a syntrophic lifestyle. Thus, they might have been metabolically active even though the TEA were depleted (Muyzer and Stams 2008; Plugge et al. 2011) . Additionally, syntrophic relations between acetateoxidizing or fermentative bacteria and hydrogenotrophic SRB might have played an important role in sulfate reduction. S. fumaroxidans-related species were detected at 40 and 70°C, and they are known to live syntrophically in the presence of hydrogenotrophic microorganisms or to reduce sulfate (Harmsen et al. 1998; Plugge et al. 2012) .
The release of sulfate from the sediment was shown in batch experiments using the same sediments and water as in the column approach (Jesußek 2012) . However, in the columns, the released sulfate was not detected in the effluent because of its rapid reduction and precipitation with iron. Kwon et al. (2014) showed that sulfide produced by SRB promoted the reduction of ferric iron and the precipitation of ferrous iron as iron sulfide. Thus, the Fe 2? amount observed in the effluents reflected the net result of the reductive iron dissolution and the precipitation of iron minerals. The IRB and the iron detected in the effluents as well as the mass balances also indicated an ongoing iron reduction after the sulfate reduction was running. It is assumed that micro niches developed and provided suitable living conditions for SRB and IRB that benefited from the concurrent reduction of iron and sulfate. The subsequent precipitation of iron with sulfide led to the mitigation of hydrogen sulfide toxicity. This finding is consistent with a previous study that also found a simultaneous microbial reduction of iron and sulfate in an experimental approach with sediments and fluids from the Mahomet aquifer (Flynn et al. 2013) .
Methanogenic activity at 25°C after depletion of sulfate
Methanogenic activity was observed at 25°C after a flowthrough of 140 L, and this corresponded to the highest decrease in the acetate concentration. Consistently, genetic fingerprinting revealed the presence of obligate acetoclastic Methanosaeta concilii-like archaea in the effluents. Sequences related to M. concilii were also identified via the co-migrated bands of weaker intensity in the 40°C fluids. Additionally, organisms that were distantly related to an uncultured methanogenic archaeon (93-94% similarity) were detected. Coincident with the methane formation, the highest Methanosaeta-specific 16S rRNA gene copies were determined at 25°C, at an average of 1x10 7 gene copies/L, whereas three to five orders of magnitude lower numbers were observed in the 10, 40, and 70°C effluents (Table 5 ). In contrast, Bonte et al. (2013a) found the highest methane production at 40°C. However, this methane was formed hydrogenotrophically.
Methanogenesis from acetate is primarily influenced by the acetate availability (Zinder 1990 ), pH, temperature, salinity (van den Berg et al. 1976 , redox potential (Rieger and Weiland 2006) , sulfide, and ammonium concentrations (Chen et al. 2008) . All the columns were operated at suitable temperatures as well as under appropriate pH and salinity conditions for methanogenesis (van den Berg et al. 1976; Zinder 1990) .
Methanosaeta species prefer environments with low acetate concentrations (\60 mg/L) (Zinder 1990 ) as provided in our experiments. In addition, methane production was initiated at 25°C after the sulfate concentration was below 4.8 mg/L along the column flow path (Jesußek et al. 2013b) . This went along with a decrease in acetate concentration along the column flow path below the detection limit and a TIC increase from 7.4 to 10.4 mg/L. Methanogenesis was also observed at sulfate concentrations below 3 mg/L in intertidal sediment cores and in groundwater wells (Winfrey and Ward 1983; Flynn et al. 2013) . At 10°C, the sulfate reduction had just been initiated. Therefore, the sulfate concentration was above 5 mg/L. The redox conditions were likely still unfavorable for methanogenesis, and the gene copy numbers of M. concilii were consistently below the detection limit. M. concilii is described to use acetate as sole energy source for growth, and growth was observed at temperatures between 10 and 45°C (Patel and Sprott 1990) . However, thermophilic Methanosaeta strains with a temperature optima of up to 70°C are also described (Zinder et al. 1984; Kamagata and Mikami 1991) .
M. concilii-specific 16S rRNA genes were also detected at 40°C; however, the methane was below the detection limit. Blake et al. (2015) observed methanogenic activity between 5 and 40°C (optimum at 30°C) in acetateamended arctic sediment microcosms and concluded that the temperature was the prevailing factor in the structure and functionality of the methanogenic community. Therefore, aside from the temperature, some other sedimentspecific factors influenced the methanogenic activity in our approach. As already mentioned, the CUE values of methanogens are lower than the CUE values of SRB (Widdel and Pfennig 1977; Zehnder et al. 1980) . Thus, the increase in the methanogenic biomass was slower and resulted in a slow increase in the methane concentration along the sediment column flow path. Furthermore, Methanosaeta species have generation times of 2-12 days (Jetten et al. 1992) . Therefore, an extended adaptation phase to temperatures far above the original sediment temperature might have retarded methane formation at 40°C. However, the microbial community did not change substantially during the three-month period of molecular biological monitoring. Thus, we speculate that a Fig. 3 Sulfate, acetate, and methane concentrations dependent on the residence time indicated as the flow distance in cm in the 10, 25, 40, and 70°C columns after certain times of flow-through with respect to times of molecular biological sampling temperature-related inhibition caused by toxic substances obstructed methanogenesis at temperatures of 40°C and above. The release of toxic substances resulting from SOM inhibiting the methanogens (Fang and Chang 1997) , or arsenic, and other heavy metals (Bonte et al. 2013b ) may have resulted in toxic effects for the methanogens.
Mass balances of carbon and TEA indicate similar metabolic processes in all columns
The joint evaluation of mass balances was applied as an approach to quantify the primary microbial metabolic processes in the sediment columns (Figs. 4, 5 ; Table 3 ) and to correlate this to the microbial abundance. The mass balances showed that aerobic OM degradation and biomass formation were among the prevailing processes at all temperatures (Fig. 5) . Furthermore, sulfate reduction played a major role in almost all experiments after its initiation.
The microbial community composition corresponded to the aerobic OM degradation and the sulfate reduction found in the column effluents. Specifically, facultative anaerobic OM-degrading microorganisms as well as anaerobic SRB were determined at all temperatures. The facultative anaerobes detected in the effluents are commonly found in aquatic environments and use oxygen and/ or nitrate as TEA (Dugan et al. 1992; Kalmbach et al. 1999; Reinhold-Hurek and Hurek 2000) . Nitrate was available as an alternative electron acceptor only at low amounts introduced with the influents. Therefore, the detected facultative anaerobic organisms probably used oxygen for their metabolism. Aerobic bacteria were also shown as indicators for oxygen availability in fluids produced from a 1.3-km-deep reservoir of a HT-ATES . Assuming that the oxygen concentration in the column influents was 9.3 mg/L, aerobic degradation was a major microbial process and contributed between 37 and 58% to the acetate conversion.
Denitrification, manganese reduction, and iron reduction were observed in all the columns. However, denitrification played a minor role because of the low nitrate inflow and only between 2 and 8% of the total acetate amount was degraded because of denitrification. Furthermore, sequences affiliated with the iron-reducing genera Thermosinus, Ferribacterium, and Fervidicola were detected at 10, 25, and 70°C. Iron was released from the sediments and partly precipitated with sulfides and hydroxides. Nevertheless, the Fe 2? discharge ranged between 12 and 248 mg Fe 2? in total, which corresponded to an acetate consumption of 1 to 13 mg C (Table 3: min. value). Assuming that iron precipitated with the sulfide from the sulfate reduction, the maximal [C]acetate consumption for iron reduction ranged between 13 and 100 mg C (Table 3: max. value). Furthermore, iron carbonate precipitation also might have played a role. However, this precipitation could not be included in the balance because the data were not available. Including the formation of FeS in the balance, this contributed to the total acetate degradation only between 6 and 12%. Notably, the calculated acetate decreases differed only slightly (between 3 and 13%) from the observed decreases at 10 and 25°C. Thus, it seems that iron reduction to acetate degradation only played a minor role. This is further supported by the consistency between the calculated CO 2 increase and the observed TIC increase for the 10 and 25°C experiments. The deviation of 12 to 16% is in the range of the accuracy of the balance.
From 25 to 70°C, the sulfate reduction was a crucial process leading to [C] acetate consumption that was between 26 and 32% of the total amount. SRB related to Desulfotomaculum, Desulfosporosinus, and Desulfovibrio were identified in the column fluids. Also Bonte et al. (2013a) observed that sulfate reduction is a dominant process in sediment columns tempered to 25 and 60°C. At 10°C, sulfate reduction was initiated at the end of the balancing period (Fig. 3) . Therefore, the amount of acetate consumption by sulfate reduction was negligible in the total mass balance. However, different genera of SRB and a specific gene copy number of 2 9 10 5 copies/L were identified in the 10°C effluents. This finding clearly shows that the molecular biological monitoring of these effluents is a sensitive tool for observing processes already when they are just initiated. Remarkably, the methanogenesis performed by Methanosaeta-like acetoclastic methanogens played a major role at 25°C only. Here, the [C]acetate and TOC decreases were within the same range and had good consistency with the sum of the TIC and [C]methane increases (Fig. 4) .
The [C]acetate decreases were roughly within the expected range of the calculated microbial [C]acetate consumption for the 10 and 25°C columns (Fig. 5) . It should be noted that the aerobic OM degradation might be overestimated because the oxygen introduction was calculated based on an oxygen concentration of 9.3 mg/L provided by the water supplier. However, the balances were conducted with these data (9.3 mg/L) and also with a lower oxygen concentration of 3 mg/L (data not shown). Hereby, the balance with an oxygen concentration 9.3 mg/ L fitted better to the measured acetate decrease and TIC increase. In contrast to the good conformity of carbon balances at 10 and 25°C, the observed [C]acetate decreases for the 40 and 70°C columns were significantly lower than the calculated decreases with 45 and 73%, respectively. These differences reinforce the suggestion of a SOM release and its subsequent microbial degradation to CO 2 at temperatures above 40°C. Environ Earth Sci (2017) 76:66 Page 17 of 23 66
At 10 and 25°C, the observed TIC increases were roughly consistent with the calculated ones. However, at 40°C and above, the observed TIC was lower than the calculated TIC. This indicates CO 2 degassing at higher temperature as the solubility of CO 2 decreases by a factor of five with increasing temperatures from 10 to 70°C (Carroll et al. 1991) . Thus, degassing very likely reduced the TIC above 40°C considerably. In addition, this substantiated the assumption of formed stagnation zones by trapped gases at higher temperatures. Furthermore, the precipitation of carbonates because of degassing and local pH increases might have enhanced the effect of the increasing inhomogeneity at higher temperatures in the course of the experiment. This probably led to a shorter hydraulic residence time reducing the time for microbial processes and, consequently, to a lower total sulfate reduction. Carbonate precipitations might have led to a decrease in the TIC. However, the calcium concentration did not change notably in any of the experiments, indicating that calcium carbonate precipitations might have been of lower relevance.
Even though the composition of the microbial biocenosis differed in the different tempered columns, the similar microbial conversion processes aerobic degradation (hydrolysis), fermentation, and sulfate reduction dominated in the columns. Methanogenesis additionally occurred at 25°C only. Thus, the microbial communities in each column catalyzed similar metabolic processes, although the species differed depending on the temperature. That is in accordance with in situ observations of Hartog et al. (2013) . They concluded that the functions of the microbial community are not significantly affected by a temperature increase because of the similar metabolic activities and capabilities of the microorganisms with different temperature optima.
In addition, the availability of TEA and the temperature were crucial for the microbial community composition in our experiments. This was also seen by Christoffersen et al. (2006) who showed that the substrate availability and temperature triggered very complex dynamics in microbial communities.
Highest carbon use efficiency at 40°C
In our study, the highest bacterial and SRB gene copy numbers were detected for the 40°C fluids (Table 5) , although sulfate reduction was limited by low sulfate concentrations at all temperatures. This indicated that the bacterial community as well as the SRB community had the highest CUE at 40°C. Widdel and Pfennig (1977) as well as Zehnder et al. (1980) showed that SRB have higher CUE values than methanogens if acetate is the only carbon source. Thus, the SRB and bacterial abundance were the highest in the 40°C effluents where the sulfate reduction activity was the highest, despite the higher acetate degradation efficiency at 25°C. After methanogenesis was initiated at 25°C, this column became most effective in acetate degradation, leading to acetate concentrations below the detection limit. However, the DNA concentration remained lower than in the 40°C effluents. Different studies show that the CUE depends on the environmental conditions: substrate type, substrate availability, the microbial community composition, degradation, and assimilation pathways (Allison et al. 2010; Manzoni et al. 2012; Sinsabaugh et al. 2013; Allison 2014) . A higher nutrient availability tends to increase the CUE, and a temperature increase was shown to decrease the CUE, but only temporarily (Allison et al. 2010; Frey et al. 2013) . The CUE for methanogenesis is significantly lower than it is for the other TEA-consuming processes (Table 2) . Thus, the highest acetate degradation at 25°C influences the biomass yield to a lower extent. The greater CUE at 40°C might have contributed to the greater biomass content in the effluents. Furthermore, the increased degradation of SOM due to a temperature-related higher availability of SOM might have led to a higher abundance in the fluid.
Conclusions
The temperature increase in columns that were filled with lignite sand from a former gravel pit, and the subsequent SOM release and/or acetate addition led to the formation of different microhabitats in the sediment columns. Due to a decrease in TEA availability, a spatiotemporal succession of microbially driven reactions developed. These reactions required different redox conditions such as aerobic OM degradation, sulfate reduction, and methanogenesis. In each column, the microbial community had similar metabolic capabilities, although the species differed depending on the temperature. This study is in accordance with other in situ or similar laboratory-scale investigations observing a temperature-dependent change in the microbial community composition. However, this study firstly revealed the highest bacterial diversity at a high incubation temperature of 70°C. Whereas the microbial community composition in the effluents reflected the primary processes that occurred in the sediment columns, the microbial abundance was strongly influenced by large differences in the CUE of the specific metabolic reactions. Nevertheless, the highest gene copy numbers of M. concilii and SRB corresponded to the methanogenic activity and the highest sulfate reduction rate. Thus, if SOM is released from the sediment, then a significant impact of geothermal energy storage on the natural microbial community and various metabolic activities, e.g., sulfate reduction, are expected in the temperature-influenced zone.
